To gain a better understanding of the mechanism of action of the metal cation-containing chemotherapeutic drug motexafin gadolinium (MGd), gene expression profiling analyses were conducted on plateau phase human lung cancer (A549) cell cultures treated with MGd. Drug treatment elicited a highly specific response that manifested in elevated levels of metallothionein isoform and zinc transporter 1 (ZnT1) transcripts. A549 cultures incubated with MGd in the presence of exogenous zinc acetate displayed synergistic increases in the levels of intracellular free zinc, metallothionein transcripts, inhibition of thioredoxin reductase activity, and cell death. Similar effects were observed in PC3 prostate cancer and Ramos B-cell lymphoma cell lines. Intracellular free zinc levels increased in response to treatment with MGd in the absence of exogenous zinc, indicating that MGd can mobilize bound intracellular zinc. These findings lead us to suggest that an important component of the anticancer activity of MGd is related to its ability to disrupt zinc metabolism and alter cellular availability of zinc. This class of compounds may provide insight into the development of novel cancer drugs targeting control of intracellular free zinc and the roles that zinc and other metal cations play in biochemical pathways relevant to cancer. (Cancer Res 2005; 65(9): 3837-45) 
Introduction
The disruption of metal cation homeostasis can play a significant role in the development and progression of cancer (1) (2) (3) (4) (5) . Intracellular levels of zinc, in particular, are known to regulate biological pathways involved in carcinogenesis (6) (7) (8) (9) (10) and in modulating the effectiveness of the immune system (11) . For example, intracellular zinc levels can modulate mitogen-activated protein kinase, extracellular signal-regulated kinase, protein kinase C, and nuclear factor nB signaling pathways (6) (7) (8) (9) (10) . Zinc also plays a major role in modulating the effectiveness of the immune system, in part through its effect on the expression of genes associated with the amplification of the Th1 immune response (11) . In addition, genes involved in intracellular zinc trafficking (i.e., metallothionein gene family members) are frequently either over-or underexpressed in a variety of tumors (3) (4) (5) and may be involved in tumor growth regulation (12) .
Interestingly, several classes of chemotherapeutic agents contain metal cations that are essential for their biological activities (13, 14) . For example, motexafin gadolinium (MGd, Xcytrin, Fig. 1A ), an expanded porphyrin containing the lanthanide cation gadolinium, is currently in clinical trials for the treatment of several forms of cancer (15) (16) (17) (18) (19) (20) (21) (22) (23) . MGd is an electron-affinic compound that mediates electron transfer from a variety of intracellular reducing species, such as ascorbate, NADPH, and thiols, to oxygen to form superoxide and hydrogen peroxide (20) (21) (22) (23) . Although the relative importance of the impact MGd has on each of these intracellular processes is unknown, it is interesting to note that the most facile redox reaction seems to occur with vicinal thiols, a chemical motif most commonly associated with the binding of zinc (22) .
Here, we generated gene expression profiles of plateau phase A549 cell cultures treated with MGd for the purpose of gaining insights into the mechanisms of its biological activity. A remarkably specific cellular response to drug treatment was observed, which resulted in the marked induction of transcript levels of genes that play major roles in controlling free zinc levels. We found that MGd increased intracellular free zinc levels, modulated the cellular toxicity of zinc, and inhibited cellular bioreductive activity in human cancer cell lines. Based on our findings, we propose a mechanism of MGd activity and suggest that disregulation of zinc homeostasis represents a potentially important strategy for anticancer therapy.
Materials and Methods
Cells and cell culture reagents. A549 lung cancer, PC3 prostate cancer, and Ramos B-cell lymphoma lines were obtained from the American Type Culture Collection (Manassas, VA). Unless otherwise indicated, all cell culture reagents were purchased from Invitrogen (Carlsbad, CA). Cells were cultured in RPMI 1640 supplemented with 20 mmol/L HEPES, 2 mmol/L L-glutamine, 10% fetal bovine serum (SH30021, Hyclone, Logan, UT) and antibiotics (200 units/mL penicillin and 200 Ag/mL streptomycin). Unless specified otherwise, plateau phase cultures of A549 and PC3 cells were used. The cell density of Ramos cultures was maintained between 0.2 Â 10 6 and 1 Â 10 6 cells/mL. Motexafin gadolinium (MGd) was prepared as a 2 mmol/L (2.3 mg/mL) formulation in 5% aqueous mannitol. Gadolinium acetate, cadmium chloride, and zinc acetate were purchased from Aldrich Chemical (St. Louis, MO) and prepared as 2 mmol/L formulations in 5% aqueous mannitol. The zinc salt of 1-hydroxypyridine-2-thione (Sigma Chemical, St. Louis, MO) was formulated as a 20 mmol/L stock solution in DMSO. Plateau phase cultures were chosen to obviate any effect that drug treatment might have on cell cycle, to reduce experimental variability, and to examine the effect of the drug in a system that might better mimic conditions extant in the tumor microenvironment (24) . In other cases, exponential phase cultures were used to assess the effect of treatment on proliferation.
Gene expression profiling. A549 human lung cancer cells (6. (25) subjected to analysis on Affymetrix (Santa Clara, CA) U133A microarrays, designed to interrogate the relative abundance of over 15,000 human genes as described (25) . We used Microarray Suite version 5.0 software (Affymetrix) to generate raw gene expression scores and normalized the relative hybridization signal from each experiment as described (25) . All gene expression scores were set to a minimum value of 100 to minimize noise associated with less robust measurements of rare transcripts. The permutation-based significance analysis of microarrays (SAM) was used to determine genes differentially expressed in response to MGd treatment compared with the control 5% mannitol-treated cultures (0.125% final) at each time point (26) . We report all genes at least 2-fold differentially expressed with a <1% false discovery rate in response to MGd treatment ( Table 1 ). The use of lower fold change cutoffs (down to 1.01-fold) in SAM analysis did not identify any additional differentially expressed genes. All raw fluorescent intensity values from microarray experiments are available in the Supplementary Materials. All cell files are available at http://hacialab.usc.edu/supplement/magda_etal_2005/.
Northern blot analysis. Plateau phase cultures of A549 cells were prepared as described above, except that T-25 flasks were used and the number of cells initially plated scaled accordingly. Cultures were treated with 50 Amol/L MGd, 5 Amol/L gadolinium acetate or 5% mannitol for 4 hours, whereupon cultures were washed twice with PBS and RNA harvested as above. Alternatively, 7-day plateau phase A549 or PC3 cultures were treated with 50 Amol/L MGd, 50 to 100 Amol/L zinc acetate, 50 Amol/L cadmium chloride, or 5% mannitol for 24 hours (A549) or 4 hours (PC3) before washing and RNA analysis. Exponential phase Ramos cultures were treated for 6 hours. Northern blots were conducted and analyzed as described (25) . Radiolabeled metallothionein probe, designed to bind to a 113-bp region of 3Vuntranslated region (UTR) sequences from multiple metallothionein gene family members, was generated using 5V -ATGGACCCCAACTGCTCCTG-3V( forward) and 5V -GGGCAGCAGGAGCAGCAGCT-3V(reverse) PCR primers and the NEBlot kit (New England Biolabs, Inc., Beverly, MA). Radiolabeled ZnT1 probe was generated in a similar fashion using 5V -TGCTGGAAGCA-GAATCATTG-3V( forward) and 5V -TGCTAACTGCTGGGGTCTTT-3V(reverse) primers.
Cellular viability. Cell viability was determined by using propidium iodide flow cytometric analysis. Cells from plateau phase cultures grown in T-25 flasks were harvested as described above, except that cells present in the growth medium and wash solution were isolated by centrifugation and included in the analysis. Cells were resuspended in 1 mL PBS, an aliquot of 3 Â 10 5 cells transferred to a 4-mL tube, and the cells isolated by centrifugation. Cell pellets were resuspended in PBS supplemented with 2 Ag/mL propidium iodide (Sigma), incubated for 5 minutes at ambient temperature, and subjected to flow cytometric analysis. Flow cytometry was done on a FACSCalibur instrument and data were analyzed using the CellQuest Pro software package (BD Biosciences, San Jose, CA).
Cellular proliferation. The proliferation of exponential phase cultures of A549 and PC3 cells was assessed by formazan reduction (27) . In brief, A549 (2,000 cells per well) or PC3 (4,000 cells per well) cells were seeded on 96-well microtiter plates and allowed to adhere overnight. Stock solutions of MGd or ZnOAc 2 in medium were added and plates were incubated at 37jC under a 5% CO 2 /95% air atmosphere. After 24 hours, medium was replaced with fresh medium. After 2 additional days, medium was exchanged for fresh medium (150 AL/well) supplemented with the tetrazolium dye, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma Chemical, 0.5 mg/mL). Plates were incubated at 37jC and viable cells measured as described (21) . Ramos cell cultures were seeded at an initial cell density of 2.5 Â 10 5 cells/mL in 7 mL medium. T-25 flasks were sampled at indicated time intervals and counted using a Coulter counter.
Lipoate reduction. Thioredoxin reductase activity was assessed by measuring the rate of lipoate reduction (28) . In brief, A549 or PC3 cells (10,000 cells per well) were plated on 96-well plates and allowed to adhere overnight and grow two additional days until confluent. Cells were treated with MGd, zinc, or 5% mannitol for 2 to 4 hours, as indicated. Medium was removed, cells were washed with HBSS, and a solution of 5 mmol/L lipoic acid and 1 mmol/L 5,5V -dithiobis(2-nitrobenzoic acid) in HBSS (100 AL per well) was added. Plates were incubated at ambient temperature in the dark. At chosen time intervals, plate absorbance was measured at 405 minus 650 nm. Plate absorbances were normalized to wells containing neither exogenous zinc nor texaphyrin complex to allow plate-to-plate comparison.
In some experiments, buthionine sulfoximine (BSO, 100 Amol/L) was added 24 hours before MGd or zinc treatment to inhibit any contribution to lipoate reduction made by glutathione-dependent pathways (28) . Actinomycin D (2.5 Ag/mL) or cycloheximide (10 Ag/mL), where present, was added 1 hour before texaphyrin or zinc treatment. Viability was checked on parallel plates using the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) following the manufacturers protocol (Promega Corp., Madison, WI). MTS signal was not altered by any treatment condition within the time frame of the lipoate reduction assay.
Intracellular free zinc. The concentration of intracellular free zinc was assessed using the ion-specific fluorescent probe, FluoZin-3-AM (FluoZin-3, Molecular Probes, Inc., Eugene, OR; ref. 29) . Plateau phase cultures grown in T-25 flasks were treated with control 5% mannitol vehicle or zinc acetate in the presence or absence of MGd as described above, for 4 hours. After MGd treatment, cells were washed with PBS, and treated with trypsin/EDTA for 5 minutes. Complete medium was then added and the cells isolated by centrifugation. Cell pellets were washed and resuspended in PBS. An aliquot of 10 6 cells (200 AL) was removed, centrifuged, and resuspended in 100 AL of 20 Amol/L FluoZin-3 and 0.2% pluronic acid F127 (Molecular Probes) in PBS. After a 25-minute incubation under ambient conditions, cells were washed twice with PBS, resuspended in 0.5 mL PBS, and again incubated for 20 minutes. An aliquot of the cell suspension was supplemented with 2 Ag/mL propidium iodide (Sigma), incubated for 5 minutes, and subjected to twoparameter flow cytometric analysis. FluoZin-3 fluorescence was measured at 530 nm in live-gated cells. As controls, a portion of mannitol-treated cells was treated with 20 Amol/L pyrithione (Sigma) and 50 Amol/L zinc acetate or with 20 Amol/L N,N,NV ,NV -tetrakis(2-pyridylmethyl)ethylenediamine (Sigma) for 15 minutes, then processed and analyzed as above. These cells displayed average fluorescence intensity at 530 nm of 2,600 and 29 units, respectively. In other experiments, A549 cultures were washed, incubated with zinc acetate and MGd in serum-free medium for 4 hours, then analyzed for intracellular zinc as above. Actinomycin D (2.5 Ag/mL, Calbiochem, Inc., San Diego, CA) was added 1 hour before MGd and zinc acetate where indicated.
Results
Gene expression. To assess the effects of drug on gene expression profiles, total cellular RNA was isolated from plateau phase A549 cultures treated with 50 Amol/L MGd for 4, 12, and 24 hours in triplicate and analyzed on oligonucleotide microarrays (25) . Eleven genes showed at least a 2-fold differential expression in response to MGd treatment (averaged across all time frames) that reached statistical significance by SAM analysis ( Table 1) . The most prominent consequence of MGd treatment was the up-regulation of various metallothionein isoform transcripts at all time points. In fact, 10 of the 11 transcripts listed in Table 1 are metallothionein related. The remaining transcript, hbc647, was also up-regulated by MGd treatment at all three time points. This cDNA (30) is located 5 kb downstream of the zinc transporter 1 (ZnT1) gene and is likely to make up part of the 3VUTR of this gene. Northern blot analysis confirmed the induction of metallothionein gene family members and ZnT1 (Fig. 1B, top) . These transcripts are under the control of metal-response element-binding transcription factor-1 (MTF-1; Fig.  1C ; refs. [31] [32] [33] [34] .
Metallothionein induction by motexafin gadolinium compared with free gadolinium acetate. Metallothionein induction has been reported to occur in response to certain metal cations, including gadolinium(III), and oxidative stress (3-5, 35, 36) . Therefore, we considered whether the metallothionein transcript up-regulation observed in the microarray analysis could be a consequence of free gadolinium(III) cation, released from MGd into the cell culture medium. High-performance liquid chromatography analysis of MGd stability in medium obtained from plateau phase cultures indicated that the drug seemed to be stable, with an apparent loss of only 4% after 24 hours (data not shown). Because the microarray analysis indicated strong transcript up-regulation after 4 hours of treatment with drug, we selected this time interval for further investigation of RNA transcript levels. RNA was harvested from plateau phase cultures treated with control vehicle, 50 Amol/L MGd, or 5 Amol/L gadolinium acetate for 4 hours. Northern blot analysis indicated metallothionein gene family members and ZnT1 were induced only in cultures treated with MGd (Fig. 1B, bottom) . Thus, even assuming a 10% loss of drug over the initial 4-hour incubation period, the resulting release of Gd(III) ion into the culture medium would be insufficient to induce the observed metallothionein and ZnT1 transcript levels. Amol/L motexafin gadolinium for all time frames. All genes that achieved significance using SAM criteria described in Materials and Methods are shown.
x Protein has a COOH-terminal domain similar to human metallothionein 1F.
Motexafin gadolinium increases sensitivity of cells to zinc acetate. The above findings indicated that MGd treatment might alter cellular response to metal cations. This could be relevant because the levels of zinc available to cultured cancer cells and to cancer cells in vivo may not directly coincide in all instances. To examine this possibility, A549 cultures were treated with zinc acetate (100 Amol/L) or cadmium chloride (50 Amol/L) for 24 hours in the presence or absence of 50 Amol/L MGd. Treatment with zinc acetate alone had no effect on cellular viability, as assessed by propidium iodide exclusion ( Fig. 2A) . By contrast, viability dropped from f90% to f55% after treatment with zinc acetate and MGd. This is dependent on treatment time because there are limited effects on cellular viability at 4 hours and only intermediate effects at 12 hours relative to 24-hour treatments (Supplementary Fig. 1 ). Conversely, viability after cadmium chloride treatment (f53%) was increased to f76% by coincubation with MGd. It has been reported that metallothionein induction protects cells from cadmium chloride treatment (37, 38) . The effects of zinc acetate and cadmium chloride were not altered by gadolinium acetate (50 Amol/L, data not shown).
Metallothionein induction by zinc and cadmium treatment in the presence and absence of motexafin gadolinium. RNA harvested from surviving A549 cells, treated as above, was analyzed for metallothionein transcript induction. Treatment with zinc acetate, cadmium chloride, or MGd resulted in significant increase in the levels of these RNA transcripts (Fig. 2B) . Interestingly, cotreatment with zinc acetate and MGd led to a synergistic increase in the levels of metallothionein transcripts (Fig. 2B) . Treatment with cadmium led to high levels of metallothionein transcription, in the presence or absence of MGd.
Intracellular free zinc is elevated in motexafin gadoliniumtreated cells. The above findings indicated that MGd treatment might alter the cellular availability of zinc ion. Therefore, cultures of A549 cells were incubated with MGd and zinc for 4 hours, and cells were analyzed for free (chelatable) intracellular zinc using the ion-specific dye, FluoZin-3 (29) . Treatment with 100 Amol/L zinc acetate significantly increased the cell-associated fluorescence of FluoZin-3 at 530 nm (Fig. 2C) . Coincubation of cultures with 50 to 100 Amol/L zinc acetate and MGd led to synergistic increases in the corresponding fluorescent signals. Next, we attempted to determine the mechanisms by which MGd treatment alters levels of free intracellular zinc. Cells were incubated in the complete absence of exogenous zinc (serum-free medium) to evaluate the role zinc uptake plays in this process. Cells were also treated with actinomycin D to minimize the expression of genes (i.e., metallothionein family members and ZnT1) that might mask druginduced changes in free intracellular zinc levels. Interestingly, cotreatment of cells with MGd and actinomycin D lead to a 1.5-fold increase in cellular fluorescence (Fig. 2C, inset) . No increase in cellular fluorescence at 530 nm was observed in the absence of FluoZin-3 in these experiments.
Effect of motexafin gadolinium on the antiproliferative effects of zinc acetate. To determine whether MGd modulation of metal ion availability was restricted to quiescent cell cultures, exponential growth phase A549 cultures were treated with zinc in the presence or absence of MGd for 24 hours. After an additional 48 hour growth period, viable cells were measured using a tetrazole reduction assay. Zinc treatment modestly inhibited A549 cell proliferation at the highest (100 Amol/L) concentration. Treatment with MGd alone had no effect on proliferation, but enhanced the antiproliferative activity of zinc at all MGd concentrations tested (Fig. 2D) .
Motexafin gadolinium modulation of zinc activity in PC3 prostate cancer cells and Ramos lymphoma cells. Treatment of plateau phase PC3 cultures with zinc had little effect on cell viability after 24 hours (data not shown), but increased cell death (2-fold at 100 Amol/L zinc), as measured by propidium iodide exclusion, was apparent within 48 hours (Fig. 3A) . MGd enhanced the cytotoxic effect of zinc (e.g., 5-fold at 100 Amol/L zinc), similar to what was observed in the A549 line. Metallothionein and ZnT1 levels were elevated after treatment with MGd and zinc (Fig. 3B) . As before, treatment with MGd led to increased zinc-associated cellular fluorescence in the presence of exogenous zinc (Fig. 3C) . Indeed, in this cell line, incubation with MGd alone led to a more marked increase in cellular fluorescence after 4 hours (f2-fold) than in A549. Interestingly, PC3 cell proliferation was also inhibited by zinc (Fig. 3D) . As in the A549 line, treatment with MGd enhanced the effect of zinc. This effect was confirmed by colonyforming assay. A surviving fraction of 0.16 was measured in the presence of 10 Amol/L MGd and 75 Amol/L zinc, whereas zinc or MGd alone was without effect (data not shown).
Furthermore, we examined the effect of MGd and zinc treatment on viability, metallothionein and ZnT1 gene expression, and intracellular levels of free zinc in Ramos B-cell lymphoma cells grown in suspension (Fig. 4A-C) . Overall, the results were qualitatively similar to those obtained with A549 and PC3, with the difference that changes were generally observed at lower (i.e., 25-50 Amol/L) concentrations of zinc. Cellular proliferation was strongly inhibited by 50 Amol/L zinc and MGd, whereas either agent alone was without effect (Fig. 4D) .
Inhibition of lipoate reduction. We previously reported that MGd caused an increase in radiation response in A549 cultures treated with BSO, an inhibitor of glutathione synthesis (21) . This observation led us to investigate the effect of MGd treatment on the complementary, glutathione-independent thioredoxin pathway. Thioredoxin reductase activity can be evaluated in intact cells by measuring the reduction of the oxidized form of the cellpermeable cofactor lipoate to its reduced form, dihydrolipoate (28) . Using this method, we observed a modest (f10%) inhibition of lipoate reduction in plateau phase A549 cultures after a 2-hour treatment with MGd alone (Fig. 5A) . Moreover, up to a 30% inhibition of lipoate reduction was observed after treatment of cultures with zinc alone, consistent with literature reports of thioredoxin reductase inhibition by this cation (39) (40) (41) . Greater inhibition (up to 60%) was observed after treatment with both zinc and MGd (Fig. 5A ). This effect of MGd was dose dependent, with an apparent inhibitory concentration of f2.5 Amol/L. The inhibition of lipoate reduction was less pronounced (f30%) after 4 hours of incubation (Fig. 5B) . Pretreatment with either actinomycin D (Fig. 5C ) or cycloheximide (data not shown) restored the inhibitory effect of both MGd and zinc on lipoate reduction. These findings lead us to suggest that A549 cells compensate for increases in intracellular zinc levels by transcription and translation-dependent processes. Lipoate reduction was also inhibited in cells treated with zinc 1-hydroxypyridine-2-thiol, a zinc ionophore that increases the concentration of intracellular zinc (Fig. 5D) . Preincubation of cultures with the glutathione synthesis inhibitor BSO increased the degree of inhibition by MGd and zinc, demonstrating that both agents were targeting the glutathione-independent lipoate reduction pathway (data not shown; ref. 28). Similar observations were obtained using plateau phase PC3 prostate cancer cell cultures (Fig. 5E-H) . However, lipoate reduction was inhibited at lower concentrations of zinc in PC3 cells as compared with A549. Lipoate reduction was similarly inhibited by MGd and zinc in exponential Ramos lymphoma cultures (data not shown).
Discussion
We examined the effect of MGd treatment on mRNA levels in A549 lung cancer cell cultures at multiple exposure times and observed a highly specific response that consisted of a strong and sustained induction of metallothionein and ZnT1 transcripts (Table 1) . Metallothioneins possess multiple cysteine-rich sites that can bind metal cations. They are expressed constitutively and may be further induced by toxic metal cations such as Cd(II) or by nontoxic cations such as Zn(II) (3) (4) (5) . ZnT1 is a plasma membrane-bound protein that transports zinc to the outside of the cell (4, 11, 42, 43) . The transcription of metallothionein genes -1 (31-34) , a metal-dependent transactivator that binds to metal response elements located in the promoters of metallothionein and other genes ( Fig. 1C; refs. [31] [32] [33] [34] .
Initially, displacement of zinc by free Gd(III) was considered as a possible explanation for the observed metallothionein induction (e.g., gadolinium chloride treatment has been reported to induce metallothionein expression in rat liver; ref. 35) . However, the lack of metallothionein induction by free gadolinium as assessed by Northern blot analysis (Fig. 1B) is not consistent with this explanation. Moreover, stability studies indicate that release of free Gd(III) from MGd is unlikely (data not shown). We therefore considered other pathways by which metallothionein induction could occur.
Zinc metallothioneins are believed to be a major site of intracellular zinc storage and transport (3) (4) (5) (31) (32) (33) (34) . As shown in Fig. 1C , oxidation of zinc metallothionein by hydrogen peroxide leads to the formation of thionein and the release of zinc (44) (45) (46) . The disulfide bond in thionein must be reduced by thioredoxin reductase in order to recoordinate to zinc. The released zinc can bind and activate MTF-1, leading, in turn, to up-regulation of thionein expression (44) (45) (46) . The binding of zinc by the newly transcribed thioneins provides a negative feedback mechanism for metallothionein expression.
MGd is a redox active agent that has been shown to redox cycle and form reactive oxygen species in cells (20) (21) (22) (23) . Other redox cycling agents have been shown to induce metallothionein expression (36) . Interestingly, recent data suggests that MGd oxidizes vicinal thiols such as dithiothreitol and can inhibit thioredoxin reductase (22) . It is therefore possible that the generation of reactive oxygen species, the direct oxidation of zinc metallothionein by the complex, or thioredoxin reductase inhibition could be responsible for the observed metallothionein induction. However, MGd treatment affects only a subset of the genes reported to be induced or repressed by oxidative stress in cultured mammalian cells (47) (48) (49) (50) (51) (52) . This could be due to differences in the cell lines and growth conditions examined or the possible targeted nature of MGd action.
Treatment with MGd attenuated the cytotoxicity of cadmium chloride and potentiated that of zinc acetate in A549 cells ( Fig. 2A) . Metallothionein transcript levels were raised by treatment with MGd, zinc, cadmium, or combinations of these species (Fig. 2B) . Attenuated cadmium toxicity is consistent with literature reports of protection from cadmium chloride toxicity by metallothionein induction (37, 38) . Enhanced zinc toxicity, however, is inconsistent with a recent report of the protection of baby hamster kidney cells against zinc toxicity by metallothionein and zinc transporter 1 (43) . In an effort to resolve this apparent contradiction, we examined intracellular levels of free zinc using the ion-specific probe, FluoZin-3 (K d = 15 nmol/L; ref. 29) , and observed significantly (at least 2.4-fold) increased cellular fluorescence signals after coincubation with MGd and 50 to 100 Amol/L zinc for 4 hours (Fig. 2C) . Synergistic increases in intracellular free zinc levels in response to coincubation with MGd and zinc acetate could explain the cellular toxicity observed. Furthermore, the 1.5-fold increase in cellular fluorescence signal observed by coincubating A549 cells with MGd and actinomycin D in zinc-free medium (Fig. 2C, inset) suggests that MGd treatment can mobilize bound intracellular zinc. This mobilization is normally quenched by cellular gene expression responses, most likely those of metallothionein gene family members and ZnT1 because MGd treatment in the absence of actinomycin D only led to marginal increases in cellular fluorescence in both serum and serum-free media (1.2-and 1.1-fold, respectively, in A549).
Similar effects were observed in PC3 prostate cancer and Ramos B-cell lymphoma cell lines. Combined treatment with MGd and zinc led to increased cell death after 48 hours in PC3 cultures (Fig. 3A) and after 24 hours in Ramos cultures (Fig. 4A) . Expression of metallothionein family members and ZnT1 were increased by MGd in both lines (Figs. 3B and 4B ). Larger changes in FluoZin-3 fluorescence (f2-fold) were observed in PC3 cultures treated with MGd alone than in the A549 or Ramos lines (Figs. 2C, 3C, and 4C) . The difference could result from the lesser induction of gene expression of metallothionein gene family members or ZnT1 in this line (4) .
Increased intracellular zinc levels would also explain the effect of MGd and zinc on lipoate reduction (Fig. 5) . Lipoate is mainly reduced by thioredoxin reductase in mammalian cells, accounting for approximately two thirds of this activity in A549 cultures, with the remainder due to glutaredoxin or other enzymes (28, 53) . Inhibition of thioredoxin reductase by zinc in cell extracts was reported previously (40, 41) . The data in Fig. 5 show that zinc inhibition of thioredoxin reductase occurs in intact cells. MGd alone had a modest effect on the rate of lipoate reduction under our conditions after 2 hours of treatment (Fig. 5A, y axis) . Moreover, inhibition of lipoate reduction by zinc was potentiated by MGd. The effect of MGd was dose dependent and saturated above a concentration of f5 Amol/L. The inhibition of lipoate reduction was less pronounced after 4 hours of incubation (Fig. 5B) . However, pretreatment with either actinomycin D (Fig. 5C ) or cycloheximide (data not shown) restored the inhibitory effect of both MGd and zinc. This is reminiscent of the effect of actinomycin D on the fluorescence measurements described above (Fig. 2C ) and is consistent with compensatory cellular RNA and protein expression in response to MGd. Lipoate reduction was also inhibited in cells treated with a zinc ionophore (Fig. 5D) , demonstrating that the effect of MGd was independent of the mode of zinc uptake. Lipoate reduction was similarly inhibited by zinc and MGd in PC3 and Ramos cultures (Fig. 5E-H and data not  shown) .
Thioredoxin reductase is an important component of the cellular antioxidant system and is involved in a variety of other processes including apoptotic signaling and DNA synthesis (54) . It has recently been highlighted as an attractive target for anticancer agent activity (55) . In the present study, combined treatment with MGd and zinc inhibited cell proliferation (Figs. 2D, 3D , and 4D) and led to cell death (Figs. 2A, 3A , and 4A). Similar observations were made using the HF-1 and DHL-4 B-lymphoma cell lines (data not shown). Thioredoxin reductase inhibition could contribute to the observed effects.
Of course, many other proteins require zinc for activity and may therefore be affected by changes in the intracellular concentration of available zinc. The observation of a sustained induction of ZnT1 and metallothionein transcripts suggests a corresponding increase in the intracellular availability of zinc during drug treatment. MGd could therefore modulate a variety of downstream processes by mobilizing zinc. The importance of this would likely depend on the particular system under study but would be most likely to occur in tumors, where the drug seems to localize selectively (15) (16) (17) (18) (19) .
Because zinc treatments were reported to inhibit tumor growth in animal models in 1969 (56) , there has been considerable interest in the role of zinc in cancer development and progression (2, (57) (58) (59) . MGd represents a novel class of compounds capable of altering the expression of MTF-1 responsive genes and altering zinc homeostasis in cancer cells. Therefore, MGd could be a valuable experimental tool to examine the role of zinc in the control of transcription and metabolic pathways. Furthermore, studies are under way to examine MTF-1 responsive genes as surrogate markers for the biological activity of MGd. Finally, the above findings provide support for the hypothesis that agents that increase intracellular zinc levels have potential applications as anticancer therapeutics.
